This paper illustrates the relative merits of using Natural Laminar Flow (NLF) airfoils in the design of Vertical Axis Wind Turbines (VAWT). This is achieved by the application of the double-multiple-streamtube model of Paraschivoiu to the performance predictions of VAWTs equipped with conventional and NLF blades. Furthermore, in order to clearly illustrate the potential benefit of reducing the drag, the individual contributions of lift and drag to power are presented. The dynamic-stall phenomena are modelled using the method of Gormont as modified by several researchers. Among the various implementations of this dynamic-stall model available in the literature, the most appropriate and general for NLF applications has been identified through detailed comparisons between predicted performances and experimental data. This selection process is presented in the paper. It has been demonstrated that the use of NLF airfoils in VAWT applications can lead to significant improvements with respect to conventional design only in a very low wind speed range, the extent of which is negligible with respect to the VAWT operational wind speeds.
INTRODUCTION
The Vertical Axis Wind Turbine (VAWT) offers a mechanically and structurally simple method of harnessing the energy of the wind. This simplicity, however, does not extend to the rotor aerodynamics. The blade elements operate in both unstalled and stalled conditions with aerodynamic stall providing the rotor inherent power regulation. The blade elements encounter their own wakes and those generated by other elements. These features combine to make the thorough analysis of Darrieus rotor aerodynamics a challenging undertaking.
However, various aerodynamic methods, appropriate for the conception of turbines, are available to designers. These models can be classified into [1985] ), (ii) vortex models (Gohard [1978] , Strickland et al. [1980] ), and (iii) streamtube models (Templin [1974] , Strickland [1975] , Paraschivoiu [1988] [1988] , which have been validated mainly on conventional airfoils, have been revised and validated for NLF airfoils. This validation process is also presented in the paper. In order to clearly illustrate the potential benefit of reducing the airfoil drag, the individual contributions of lift and drag to power are presented.
velocities are considered at the upstream and downstream halves of the volume swept by the rotor. The flow through the wind turbine is considered to be subdivided into a large number of aerodynamically independent streamtubes. The effects of turbulence or gustiness are neglected and only the mean wind speed is considered. The flow in each streamtube is considered to be acted upon by two actuator disks" the first one representing the upwind half of the surface swept by the rotor blades (-7r/2 < 0 < 7r/2), and the second one representing the downwind half of the rotor (7r/2 < 0 _< 37r/2). As a result of the forces exerted by the actuator disks on the fluid, its velocity changes along the streamtube. The induced velocity decreases in the freestream-velocity direction.
Along any given streamtube the fluid velocity variation is discretised into five different velocities, as shown in Fig. 1 
where u and u' are the interference factors.
By applying the momentum equation to control volumes that contain the actuator disks, the forces on the disks and the induced velocities can be determined. The local relative velocity W and the local angle of attack c for the upstream half-cycle of the rotor, 7r/2 < 0 _< 7r/2, are given by (see Fig. 1 
and c is the turbine rotational speed. 
cos6
The lift contribution to the power P a and the drag losses PD for the entire rotor are: oar
The mechanical power of the rotor is finally given by the difference between the lift contribution to power and the drag losses" P--PL--PD.
A measure of the efficiency of the rotor blade to produce power is the ratio of the drag losses to the lift contribution to power. This ratio will be referred to as the relative drag losses. 
where Table I . Finally, the dynamic coefficients are given by:
Oref OZo
OZss (20) c0 is any convenient angle of attack but is typically taken as the zero-lift angle of attack, css is the static-stall angle of attack. It is important to note here that in this model, the value of the reference angle of attack is different for the lift and the drag. This is clearly presented in the various expressions for M1, M2, ")/mx, and ")/2 (see Table I and Eq. (18)).
3. [1983] has proposed to use Am 6. This value of Am gives good agreement between the predicted and experimental performances of the VAWT Sandia 17-m.
Berg has also proposed to define , to be the angle at which the variation of the lift coefficient with respect to the angle of attack begins to depart from the linear behaviour.
RESULTS AND DISCUSSION
The results presented in this section have been selected to illustrate: (i) the accuracy of the various Gormont model adaptations presented in the previous section, and (ii) the merits of using NLF airfoils in VAWT applications. low-turbulence zones are influenced by the operational conditions. The neglect of these variations seems to limit the range of applicability of this adaptation (Paraschivoiu [1988] A general behaviour of the VAWT operation is clearly shown in Figures 8 and 9 . At low wind speeds (near 5m/s), the performances of the VAWT are dominated by drag with relative drag losses reaching values as high as 90% in the case of the conventional VAWT (see Fig. 9 ). As the wind speed increases, the relative drag losses typically decrease and reach a minimum value of about 25% near VEQ-15 m/s. Finally, when the wind speed is further increased, the relative drag losses start to increase. This general trend is common to VAWTs equipped with conventional and NLF airfoils, but the values of the relative drag losses are different.
The high values of the relative drag losses at low wind speeds are directly related to the airfoil minimum drag: in this regime, the blades operate at very low angles of attack, well within the region where lift varies linearly and drag is essentially constant. At such low angles of attack, the lift characteristics of both conventional and NLF airfoils are similar. However, if the angle of attack is within the laminar bucket (a <_ abucket), the NLF airfoil drag is lower than that of the conventional airfoil. This is the explanation for the lower relative drag losses produced by the blades equipped with NLF airfoils (70% in Fig. 8 ) with respect to the losses induced by conventional blades (90% in Fig. 9 ). The extent of this regime can be clearly identified in Fig. 10 where a compilation of the azimuthal distribution of the angle of attack at the equatorial level is presented. This figure shows the variation of the relative extent of three specific regions with respect to the complete blade cycle as a function of the wind speed. The first region comprises the locations at which the blades operate below abucket. The second region corresponds to the The existence of a region of decreasing relative drag losses is explained by the behaviour of the lift and drag characteristics between Obucket and as. In this range of angle of attack, the drag coefficient presents a very weak variation while the lift coefficient is still increasing with a. The minimum relative drag losses are reached just before the appearance of angles of attack larger than When the blades start to operate beyond the stall angle of attack, the relative drag losses begin to significantly increase with the wind speed. The point of minimum relative drag losses is locatet at VEQ=llm/s (see Fig. 8 ) which corresponds perfectly with the point at which the blades start to operate beyond as (see Fig. 10 ). The value of the minimum relative drag losses reached by the rotor equipped with NLF blades, Fig. 8 , is much larger than the one produced by the conventional rotor, Fig. 9 . This is expected since the lift coefficients of the NLF airfoil are lower than those of the conventional profiles in the range b,cket < c < css.
Furthermore, the point of minimum relative drag losses of the NLF rotor occurs at a lower wind speed than that of the conventional rotor. This is directly related to the earlier stall of the NLF airfoil in comparison with the conventional profile.
The variations of the mechanical power produced by the NLF and conventional rotors presented in Figures 8 and 9 clearly show that the conventional airfoils are more efficient than the NLF profiles at large wind speeds. The NLF airfoils present better performances only in the very low speed range, the extent of which is negligible with respect to the operational wind speed range of the rotor. This comparison leads to the conclusion that the use of conventional airfoils results in more efficient rotors. This can be clearly understood by the study of the variation of the drag coefficients of the two types of airfoils between the stall of the NLF airfoil and the stall of the conventional profile. In this range, the drag of the NLF airfoil is much larger than that of the conventional airfoil. This increase in drag is more significant than the typical low drag characteristics within the laminar bucket of a NLF airfoil. Furthermore, the VAWT blades operate most of the time at angles of attack larger than cb,cket SO that the benefits of low drag characteristics of the laminar bucket tend to be negligible. On the basis of efficiency, the conventional blades seem to be more appropriate than the NLF blades. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
